
I *  ? 

Space Sciences Laboratory 

Universi ty  of  Cal i fornia  

Berkeley, Cal i fornia  94720 

The F i f t h  Semiannual Progress Report on 

ENZYME ACTIVITY I N  TERRESTRIAL SOIL I N  

RELATION TO EXPLORATION OF THE MARTIAN SURFACE 

NASA Grant N s G  704/05 

Ser i e s  No. 8 

I s sue  No.2 

Department of S o i l s  and Plan t  Nu t r i t i on  
Period: 1 Ju ly ,  1966 - 31 December, 1966 

1 2  January, 1967 

By: J. J.  Skuj ins  and 
A .  D. McLaren ( P r i n c i p a l  Inves t ige  t o r )  



r I 

CONTENTS 

ii 

I. INTRODUCTION 

11. EXPERIMENTAL 

A. Localization of Phosphatase Activity in Soils 

Materials 

Methods 

Result s 

Discussion 

Summary 

References 

Biochemistry of Alkane Degradation by Soil 

Microorganisms. 

Materials and Methods 

Results 

Discus sion 

Summary 

References 

B. 

C. Adsorption and Reactions on Chitinase and 

Lysozyme on Chitin. 

Materials and Methods 

Results and Discussion 

Summary 

References 

Urease Activity in Media of Low Water Content 

Materials and Methods 

Results and Discussion 

Summary 

References 

D. 

iii 

1 

1 

2 

4 

10 

21 

27 

29 

31 

31 

33 

35 

36 

37 

38 

38 

39 

47 

48 

63 

63 

64 

65 

66 



iii 

I .  INTRODUC'T I O N  

Our ob jec t ive  i s  t o  develop q u a l i t a t i v e  and quan t i t a t ive  t e s t s  

f o r  var ious enzyme a c t i v i t i e s  i n  s o i l  and t o  adapt t h e  most s e n s i t i v e  

and s u i t a b l e  of t hese  t o  procedures compatible with te lemetry from 

Mars probes. I n  addi t ion ,  we a r e  examining enzyme reac t ions  i n  en- 

vironments of l imi t ed  water a v a i l a b i l i t y  and a t  i n t e r f a c e s .  

I n  view of the  emerging i n t e r e s t  i n  t he  s tud ie s  of  f r e e  enzymes 

i n  s o i l s ,  an attempt was made t o  l o c a t e  the  micros i tes  of  s o i l  phos- 

phatase a c t i v i t y  with e l ec t ron  microscopic methods. 

The Martian environment has  a l imi t ed  moisture contact  and any 

b io log ica l  r eac t ions  possibly take p lace  a t  i n t e r f a c e s  and on sur-  

f aces  i n  an environment o f  r e s t r i c t e d  water a v a i l a b i l i t y .  A study 

of sur face  e f f e c t s  i n  t h e  hydrolysis  of  inso luble  c h i t i n  by adsorbed 

c h i t i n a s e  and lysozyme i s  being continued i n  order  t o  inves t iga t e  

some of t h e  f a c t o r s  in f luenc ing  reac t ions  a t  i n t e r f a c e s .  

Studies  of urea hydrolysis  by urease i n  media of low water 

The r eac t ion  i s  de t ec t ab le  a t  65% a v a i l a b i l i t y  were continued. 

r e l a t i v e  humidity and t h e  method i s  being developed f u r t h e r  f o r  i t s  

poss ib l e  use f o r  t h e  de t ec t ion  of c a t a l y t i c ,  i . e . ,  enzymatic, break- 

down of urea i n  Martian environment. Examination of t h e  de t ec t ion  

of  urease a c t i v i t y  has been se lec ted  because of t h e  probable p r i -  

mordial  o r i g i n  of urea a s  an organic substance, because o f  i t s  

r e l a t i v e  s t a b i l i t y  a s  an enzyme subs t r a t e ,  and because of t h e  ubiqui ty  

o f  s o i l  urease i n  t h e  t e r r e s t r i a l  environment. 

There e x i s t s  a p o s s i b i l i t y  t h a t  e x t r a t e r r e s t r i a l  microorganisms 
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can metabolize hydrocarbons ( i f  present from an abiotic synthesis) 

and use them as an energy and/or carbon source. Present knowledge 

of the microbial metabolism of alkane hydrocarbons is scanty, and 

the initial steps of their metabolic degradation are uncertain. 

Therefore, we have initiated a study to examine the initial metabolic 

steps of hydrocarbon degradation by terrestrial microorganisms. 
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11. EXPERIMENTAL 

1. 

A. Local iza t ion  of Phosphatase A c t i v i t y  i n  S o i l s .  

The l o c a l i z a t i o n  of enzyme a c t i v i t y  i n  s o i l s  has been t h e  sub- 

j e c t  of  a wide range of  speculat ion.  Thus, t h e  f a c t  t h a t  most of  

t h e  at tempts  t o  e x t r a c t  enzymes from s o i l s  have been unsuccessful 

i s  taken by some workers i n  t h e  f i e l d  a s  evidence t h a t  t hese  enzymes 

a r e  loca ted  s o l e l y  wi th in  t h e  microbial  c e l l s .  

Other workers have suggested t h a t  enzymes accumuhte i n  s o i l s ,  

bu t  d i sagree  about t h e i r  sources.  

s o i l s ,  t h e  absence of  marked f luc tua t ions  i n  s o i l  enzyme a c t i v i t y ,  

and t h e  l a c k  of c o r r e l a t i o n  between enzyme a c t i v i t y  and t h e  microbial  

populat ion when the  same s o i l  i s  sampled a t  d i f f e r e n t  times of t h e  

year ,  a r e  f a c t s  usua l ly  of fe red ,  e i t h e r  toge ther  o r  separa te ly ,  i n  

support  of  t h e  hypothesis of an accumulation o f  e x t r a c e l l u l a r  enzymes 

i n  s o i l s ,  However, no direct .  evidence has ever been =resented en 

The adsorp t ive  p rope r t i e s  of  

t h e  l o c a l i z a t i o n  of  enzyme a c t i v i t y  i n  s o i l s .  

The s o i l  c l ays  and t h e  clay minerals  have been t h e  ob jec t  o f  

numerous s tud ie s  by means of the e l ec t ron  microscope, bu t  only a 

f e w  o f  t h e  s tud ie s  have been concerned with the  f i n e  s t r u c t u r e  o f  

s o i l s ,  and wi th  t h e  r e l a t ionsh ips  among roo t s ,  microorganisms and 

s o i l  p a r t i c l e s .  This subjec t  was thoroughly reviewed, r ecen t ly ,  

by Egawa and Watanabe ( 4 ) .  Studies  of  t h e  r o o t - s o i l  boundary made 

by Jenny and Grossenbacher (ll), and t h e  t e c h n i c a l  developments on 

enzyme his tochemistry a t  t h e  e lec t ron  microscope l e v e l  ( 5 ,  lo), 
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s t imula ted  t h i s  work on t h e  u l t r a s t r u c t u r a l  l o c a l i z a t i o n  of  phosphatase 

a c t i v i t y  i n  s o i l s .  

Tqery hard t o  sec t ion  even with the  a i d  of a diamond kn i f e ,  t h e  p s c i -  

b i l i t y  o f  us ing  a p a r t i c u l a r  f r a c t i o n  of t h e  s o i l  showing a high 

phosphatase a c t i v i t y  was considered t h e  bes t  choise  f o r  embedding 

and sec t ion ing  purposes. 

with o the r  r e s i n s  were thought t o  be i d e a l  f o r  embedding purposes, 

according t o  t h e  r e s u l t s  reported by Leduc e t  a l .  (17) and Lcduc 

and Holt (16) on t h e  ex t r ac t ion  of p ro t e ins  and nuc le ic  ac ids  from 

b i o l o g i c a l  specimens by d i r e c t  treatment o f  u l t r a t h i n  sec t ions  with 

t h e  corresponding enzymes i n  so lu t ion .  

Since whole s o i l  contains  p a r t i c l e s  which a r e  

Water-soluble r e s i n s  and mixtures of  them 

-- 

Materials  

S o i l s .  Fresh sur face  samples from Oxford Tract  loam s o i l  and 

a i r - d r i e d  samples from Dublin clay loam s o i l  were used. Character- 

i s t i c s  of  t hese  two s o i l s  a r e  given i n  Table 1. 

Table 1 

Charac te r i s t i c s  of  S o i l s  

S o i l  Type Organic PH Mechanical a n a l y s i s  a s  %** 
c as %* (1:1) 2-2op >20p 

Dublin c lay  2.74 5.6 29 25 46 
loam 

Oxford Tract  2.83 6.7 20 33 47 
loam 

* Dry combustion method 
** S o i l  f r a c t i o n s  ex t r ac t ed  i n  t h e i r  n a t u r a l  s t a t e  by sedimentation 

a t  3 '~ .  
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Clays.  

descr ibed  by McLaren (23) and McLaren e t  a l .  ( 2 4 ) .  

Subs t ra tes .  

Peer less  k a o l i n i t e  and Wyoming bentoni te  were prepared a s  

-- 
#a+- glycerophosphate from Fisher  S c i e n t i f i c  Co., Fa i r  

Lawn, N.  J., and Na-9- naphthylphosphate from Calbiochem, Los 

Angeles, C a l i f . ,  were used. 

Enzyme. 

Biochemical Corp., Freehold,  N .  J. 

Wheat ac id  phosphatase was obtained from Worthington 

Buffers .  

e t  a l .  (28) was used. 

Tris-maleate bu f fe r s  were used. 

Embedding r e s i n s  used: 

Epon 812 (She l l  Chemical Co., N .  Y. ) ; 

Modified un ive r sa l  buffer  (MUB) a s  descr ibed by Skujins 

Addit ional ly ,  0.2 M a c e t a t e  and 0.2 M 
-0  

ethylene g lyco l  monomethacrylate (W) (Monomer-Polymer Laborator ies ,  

Phi ladelphia ,  Penn.);  

methyl- and butylmethacrylate (Matheson Coleman and B e l l ,  Norwood, 

Ohio) ; 

hydroxypropyl methacrylate (HPMA) (Rohm and Haas, Phi ladelphia ,  Penn. ) . 

Hardeners and c a t a l y s t s  used: 

Dodeceqyl succ in ic  anhydride (DDSA) and nadic  methyl anhydride 

(NMA) (General Chemical Divis ion,  A l l i ed  Chemical and Dye Corpora- 

t i o n ,  N .  Y.); 

benzoyl peroxide (Eastman Organic Chemicals, Rochester,  N .  Y .) ; 

ammonium persulphate  (J .  R .  Baker Chemical Co., Ph i l l i sbu rg ,  N.  J.) . 
Culture  Media 

a .  Yeast-extract  n u t r i e n t  agar (YEN-agar) was prepared a s  

follows : beef extra c t 3 g  

Bacto-pectone 5 g 

Yeast ex t r ac t  5 g 

agpr 15 Q 
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The ingredien ts  were dissolved i n  one l i t e r  of d i s t i l l e d  

water and the  pH was adjusted t o  7.0 by adding KOH. The 

medium was autoclaved f o r  15  minutes. 

b .  Tryptone yeas t -ex t rac t  broth (TYE-broth) was prepared a s  

a s  described by Loeb and Zinder (18).  

"Minimal medium-TEA" was prepared a s  described by Malamy 

and Horecker (20) .  

c .  

Methods 

Frac t iona t ion  by s i z e  of Dublin and Oxford Tract s o i l s .  200-gram 

por t ions  of na t ive  Dublin and Oxford t r a c t  so i l s  were placed i n t o  

2 - l i t e r  g l a s s  b o t t l e s  and suspended i n  one l i t e r  of d i s t i l l e d  water.  

The s o i l  suspensions were shaken f o r  4 hours.  

of d i s t i l l e d  water was added t o  each b o t t l e  and the  s o i l  suspensions 

were s to red  a t  3 C overnight ,  

Then another l i t e r  

0 

For f r ac t iona t ion  purposes the s o i l  p a r t i c l e s  were c l a s s i f i e d  
I 

according t o  s i z e  i n  t h e  following way: 

a .  Clay f r ac t ion :  p a r t i c l e s  l e s s  than 2p i n  diameter.  

b .  S i l t  f r ac t ion :  p a r t i c l e s  between 2 and 2 0 ~  i n  diameter. 

c .  "Course fract ion ' ' :  p a r t i c l e s  above 20p i n  diameter.  

Frac t iona t ion  of t h e  s o i l  p a r t i c l e s  took place by sedimentation 

Stoke 's  law w a s  used t o  c a l c u l a t e  t h e  time a f t e r  which a t  3 O C .  

p a r t i c l e s  of  a s i z e  below the  upper l i m i t  of c l ay  and s i l t  f r a c t i o n s  

were s t i l l  suspended i n  a given c o l m  of s o i l  suspension. I n  these  

ca l cu la t ions ,  a dens i ty  o f  2 . 4  glcu. ern was used f o r  s o i l  p a r t j c l e s .  

I n  f r a c t i o n a t i o n  by sedimentation it i s  assumed t h a t  s o i l  d i sperses  

completely i n  water and t h a t  a l l  s o i l  p a r t i c l e s  s e t t l e  a s  i f  they 

were smooth and r i g i d  spheres.  
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The c l a y  f r a c t i o n  was siphoned out  from t h e  sedimentation b o t t l e  

a f t e r  completion of  t h e  t i m e  required t o  l eave  i n  suspension only 

those  p a r t i c l e s  less  than 21.1 i n  diameter.  

i a l  was suspended i n  d i s t i l l e d  w a t e r  a t  3 C and allowed t o  sediment 

aga in .  Clay c o l l e c t i o n  was repeated u n t i l  t h e  supernatant  f l u i d  of  

the  s o i l  suspension was almost c l ea r  a f t e r  t h e  sedimentation per iod.  

The s i l t  f r a c t i o n  was c o l l e c t e d  using a procedure similar t o  t h a t  

descr ibed above f o r  t h e  c l a y  f r a c t i o n .  The s o i l  ma te r i a l  remaining 

a f t e r  t h e  s i l t  c o l l e c t i o n  was designated a s  t h e  "comse" f r a c t i o n .  

The c l ay  and s i l t  f r a c t i o n s  were concentrated by means o f  a candle- 

shaped, Se las  b a c t e r i o l o g i c a l  f i l t e r  connection t o  a vacuum system. 

Phosphatase a c 5 i v i t y  of  Dublin s o i l  f r a c t i o n s .  'lhe f luo r ime t r i c  

a s say  previous ly  descr ibed ( 3 0 )  was used t o  determine t h e  phosphatase 

a c t i v i t y  not  only of  one-gram samples o f  s o i l  f r a c t i o n s ,  but  a l s o  

o f  a l i q u o t s  o f  t h e  supernatant f l u i d  i n  which s o i l  f r a c t i o n  was kept 

i n  t h e  form of p e l l e t s  a f t e r  ex t rac t ion .  Phosphatase a c t i v i t y  de te r -  

minations were c a r r i e d  out  a t  a temperature o f  35 C .  

Microbial  numbers of  Dublin s o i l  f r a c t i o n s .  Suspensions containing 

one gram pe r  10 m l  of  c l a y  and of s i l t  f r a c t i o n s  were prepared by 

suspending t h e  corresponding p e l l e t s  i n  s t e r i l e  d i s t i l l e d  water .  

From these  two s tock suspensions,  a d i l u t i o n  s e r i e s  was prepared 

w i t h  t h e  a i d  of s t e r i l e  d i s t i l l e d  water.  

na t an t  f l u i d  corresponding t o  7.77 g o f  t h e  c l a y  f r a c t i o n s ,  and a 

4-ml por t ion  of  t h e  supernatant f l u i d  corresponding t o  14.27 g of  

the s i l t  f r a c t i o n  were d i l u t e d  t o  10 m l  with s t e r i l e  d i s t i l l e d  water.  

From each of t h e s e  two s tock  so lu t ions  a d i l u t i o n  series was prepared 

The remaining s o i l  mater- 

0 

0 

A 2-ml por t ion  of  the super- 
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as indicated above. One-ml aliquots of the dilutions of either 

soil fractions or their supernatant fluids were plated on YEN-agar. 

Embedding of soil clay and of clay-phosphatase complex in water- 

soluble resins, A bentonite-phosphatase complex was prepared by 

the same procedure previously described (31) for the preparation 

of the kaolinite-phosphatase complex. Soil clay and bentonite- 

phosphatase complex pellets (approximately 50 mg dry weight), were 

fixed in 6.5% (v/v) glutaraldehyde for one hour at 4OC.  

the soil clay pellets were washed three times with Tris-maleate 

buffer (pH 7.0), while the bentonite-phosphatase pellets were washed 

three times with acetate buffer (pH 5.0). Fixed and unfixed pellets 

After this, 

of both soil clay and bentonite-phosphatase complex were dehydrated 

,step-wise by suspending them in mixtures of water with either c;MA 

or "€MA as described by Leduc and co-workers (16, 17), according 

to the following schedule: 

a. 8% of 97% C;MA a. 8% of 97% HR4.A 

b. 97% GMA b. 97% HPMA 

c. 1:1 mixture of 97% GNA 
with the llLeduc" medium 

c. Prepolymer 97% HPMA 

In each case, separation of the impregnated soil clay and 

bentonite-phosphatase complex from the dehydrating fluid was carried 

out by sedimentation in a refrigerated centrifuge. 

solution contained 0.5% of ammonium persulphate, while the 97% KPMA 

The 97% GNA 

solution contained 0.1% of azonitrile. The stabilizer was removed 
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from t h e  monomeric GMA by vacuum d i s t i l l a t i o n  before  adding the  

ammonium persulphate .  HPMA was not des t ab i l i zed .  

Polymerization followed a f t e r  one change of  t h e  f i n a l  embedding 

medium. 

t u r e  of t h e  "Leduc" medium (70% of 97% CMA and 30% of 15185% buty l - /  

methylmethacrylate p lus  1% benzoyl peroxide) and Luft  s complete 

r e s i n  mixture (18) , as described by McGee-Russell and de Brui j n  (22) .  

Polymerization of t h e  GMA mixture took p lace  i n  l ess  than 24 hours 

i n  t h e  presence of l i g h t  a t  3 7 O C .  

medium was 97% HFMA. Polymerization of  HPMA was induced by exposing 

t h e  capsules t o  long wavelength W l i g h t  (above 3000 8) from a Hanovia 

u t i l i t y  lamp No. 30600 provided with a Pyrex f i l t e r .  

of  HPMA was completed i n  l e s s  than 24 hours a t  3 O C .  

U l t r a s t r u c t u r a l  l o c a l i z a t i o n  of phosphatase a c t i v i t y  of  s o i l  c lays  

and of  clay-phosphatase complexes. The Gomori subs t r a t e  so lu t ion  

(6)  was used f o r  t he  demonstration of phosphatase a c t i v i t y  a t  t h e  

u l t r a s t r u c t u r a l  l e v e l  i n  s o i l  clays and i n  clay-phosphatase complexes. 

The Gomori subs t r a t e  so lu t ion  was prepared a s  follows: 

e i t h e r  l ead  n i t r a t e  o r  l ead  ace t a t e  were dissolved i n  500 m l  of  

For GMA t h e  f i n a l  embedding medium cons is ted  of a 1:l mix- 

For HPMA t h e  f i n a l  embedding 

Polymerization 

0.6 g of  

e i t h e r  0.05 M a c e t a t e  o r  0.05 M Tris-maleate bu f fe r .  Lower and 

higher  concentrat ions of  l ead  s a l t s  were a l s o  used. To any of t he  

r e s u l t i n g  solutions 50 m l  of  a fresh 3% (w/v) so lu t ion  of  Ne-@- 

glycerophosphate were added. 

overnight  and then were f i l t e r e d  through a 0 . 2 2 ~  pore-s ize  Mi l l ipore  

f i l t e r .  The subs t r a t e  so lu t ion  was adjus ted  t o  pH 5.0 f o r  t h e  clay- 

phosphatase complex, and t o  p H  7.0 f o r  t h e  soil c lay .  

The f i n a l  so lu t ions  were l e f t  a t  hoc 
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Phosphatase r eac t ion  of u l t r a t h i n  sec t ions .  

ob ta ined  a f t e r  polymerization of both t h e  GMA and t h e  HFMA prepar- 

The r e s i n  blocks 

a t i o n s  containing e i t h e r  s o i l  clay o r  bentonite-phosphatase comylex, 

were trimmed t o  g ive  a c u t t i n g  face wi th  edge length  o f  20-loop,. 

The trimmed r e s i n  blocks were mounted on a L.K.B. 

with  a diamond kn i f e .  

Yntratome provided 

Sect ions 200-600 8 u n i t s  i n  th ickness  were 

cut  with t h e  diamond kn i f e  and were e i t h e r  mounted on carbon-coated 

gold g r i d s  o r  t r a n s f e r r e d  d i r e c t l y ,  by means of t h e  r i n g  technique 

developed by Marinozzi (21) ,  t o  two conta iners  o f  t h e  Comori so lu t ion :  

one wi th  t h e  subs t r a t e ,  t h e  other  without  it. The carbon-coated 

g r i d s  holding t h e  mounted sec t ions  were a l s o  f l o a t e d  upside-down 

on t h e  Gomori so lu t ions .  The phosphatase r eac t ion  was allowed t o  

, t a k e  p l ace  f o r  per iods o f  t i m e  ranging from 30 minutes t o  16 hours.  

Afterwards t h e  sec t ions  were washed two o r  t h r e e  times by f l o a t i n g  

them on d i s t i l l e d  water. Sections were examined i n  an EMU 3 e lec t ron  

microscope. 

Phosphatase r eac t ion  of  s o i l  c lay  suspensions.  The technique usu- 

a l l y  employed when dea l ing  with un ice l lu l a r  specimens ( 3 ,  29) was 

followed f o r  t h e  determinat ion of t h e  s i t e  of  phosphatase a c t i v i t y  

i n  s o i l  c l a y  suspensions.  Br ie f ly ,  t h e  s o i l  c l a y  was f i r s t  f ixed  

wi th  glutaraldehyde and then  incubated f o r  given per iods of  t i m e  i n  

buf fered  so lu t ions  containing o r  lack ing  glycerophosphate, using 

t h e  incubat ion procedure u t i l i z e d  f o r  t h e  determinat ion of phosphatase 

a c t i v i t y  i n  s o i l s  a s  descr ibed ( 3 0 ) .  Afterwards t h e  c l a y  m a t e r i a l  

was washed more than f i v e  times t o  r i d  it of  unreacted s u b s t r a t e  and 

lead n i t r a t e .  F ina l ly ,  t h e  mater ia l  was embedded i n  a GNA-Epoxy 
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r e s i n  mixture a s  descr ibed above. Sect ions were cut with t h e  diamond 

k n i f e  and observed i n  the  electron microscope. 

Phosphatase r eac t ion  of s o i l  clay and of  clay-phosphatase complexes 

spread on a c a r r i e r  f i l m .  To spread t h e  ma te r i a l  t o  be t e s t e d  f o r  

phosphatase a c t i v i t y  on t h e  c a r r i e r  f i l m ,  a small  chromatography- 

l i k e  trough was f i l l e d  completely with g l a s s  d i s t i l l e d  water,  and, 

a f t e r  making sure  t h a t  t h e  surface of t h e  water was f r e e  of contam- 

i n a t i n g  mater ia l ,  a g l a s s  rod wet with t h e  suspension of e i t h e r  s o i l  

c l a y  o r  clay-phosphatase complex was allowed t o  come i n  contact  with 

t h e  sur face  of t he  water.  Pa r t  o f  t h e  ma te r i a l  adsorbed t o  t h e  

g l a s s  rod f l o a t e d  and spread on t h e  water forming a discontinuous 

f i l m .  Gold g r i d s  coated with formvar f i l m  were then f loa t ed  on those 

p laces  where t h e  ma te r i a l  was seen f l o a t i n g .  

made by the  technique described by Sadvir (27), but  using mica 

l eaves ,  s p l i t  j u s t  before  being used, i n s t ead  of g l a s s  s l i d e s .  The 

e l ec t ron  microscope g r ids  were picked up and immediately f loa t ed  

again on a buffered so lu t ion  e i the r  containing t h e  subs t r a t e  o r  

lack ing  i t .  Af ter  a given period of  time was allowed f o r  t he  r eac t ion  

t o  take  p lace ,  t he  g r ids  were removed from t h e  buffered so lu t ion  and 

f l o a t e d  on d i s t i l l e d  water f o r  no less than 12 hours.  

were shadowed with uranium and/or covered with a very t h i n  f i l m  of  

carbon. The f i lm  of carbon provides s t a b i l i z a t i o n  of t he  p a r t i c u l a t e  

m a t e r i a l ,  

Phosphatasereaction of s o i l  bac te r ia  spread on a c a r r i e r  f i l m .  

A bacterium p a r t i c u l a r l y  a c t i v e  i n  hydrolyzing phenolphthalein 

phosphate was i s o l a t e d  from Oxford Tract  s o i l  by using t h e  technique 

The formvar f i lm was 

The g r i d s  
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described by Kotelev (13). 

TYE-broth for 4 days. Afterwards one-ml portions of the bacterial 

culture were removed and sedimented at 5,000 rpm. 

pellets were resuspended in "minimal medium-TEA" deficient in inor- 

ganic phosphate. 

the minimal medium, the bacterial suspensions were sedimented again. 

The bacterial pellets were fixed with glutaraldehyde, as previously 

described, and then washed twice with Tris-maleate buffer (pH 7.0). 

Formvar-coated grids were floated on one drop of bacterial suspension 

and then transferred to a Gomori solution containing or lacking the 

substrate. After incubation for 20 hours, the grids were washed 

twice by floating them on distilled water for more than 12 hours 

each time. 

The bacteria were allowed to grow in 

The resulting 

After a three-hour derepression treatment with 

The results were observed in the electron microscope. 

Results 

Phosphatase activity and microbial numbers of Dublin soil fractions. 

Table I1 shows the distribution of phosphatase activity and microbial 

numbers among Dublin soil fractions. In the clay and silt fractions 

phosphatase activity per unit weight was approximately the same, 

whereas in the "coarse1' fraction it was approximately m e  half of 

the activity shown by either the clay or the silt fraction. The 

supernatant fluids of the clay fraction and of the silt fraction 

accounted for only 0.8% and 0.2% respectively, of the phosphatase 

activity of whole soil. 

fractions are added up, they account for 83% of the phosphatase of 

the whole soil. 

If the contributions of all of the soil 

With regard to microbial numbers, it was observed that the 
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supernatant  f l u i d  of  t he  s i l t  f r ac t ion ,  which had l e s s  than 1% of  

t h e  phosphatase a c t i v i t y  of t h e  s i l t  f r a c t i o n ,  showed a higher bac- 

t e r i a l  population than  t h e  s i l t  f r a c t i o n  i t s e l f .  On t h e  o the r  hand, 

although t h e  c l ay  and s i l t  f r ac t ions  showed t h e  same l e v e l  of  

phosphatase a c t i v i t y ,  t h e  b a c t e r i a l  population i n  t h e  c l ay  f r a c t i o n  

was n ine  times l a r g e r  than i n  the s i l t  f r a c t i o n .  

U l t r a s t r u c t u r a l  l o c a l i z a t i o n  of phosphatase a c t i v i t y  i n  s o i l  c lays  

and i n  clay-phosphatase complexes. 

t h e  upper p a r t  of Figure 1 per t a in  t o  t h e  phosphatase r eac t ion  

ca r r i ed  out  on sec t ions  of bentonite-phosphatase complex embedded 

The photographs appearing i n  

i n  HPMA. Sect ions incubated for  4 hours i n  t h e  Gomori medium con- 

t a i n i n g  t h e  s u b s t r a t e  (upper l e f t  photograph) d id  not d i f f e r  from 

those  sec t ions  incubated f o r  the same length  o f  tjme i n  the  Gomori 

medium lacking t h e  subs t r a t e  (upper r i g h t  photograph). This was 

a l s o  t h e  case f o r  sec t ions  o f  clay s o i l  embedded i n  e i t h e r  HPMA o r  

GMA-Epoxy r e s i n  mixture. 

The lower p a r t  of Figure 1 shows the  r e s u l t s  o f  carrying out 

t h e  phosphatase r eac t ion  i n  Oxford Tract s o i l  c l ay  suspension. The 

c l ay  suspension was incubated f o r  45 minutes with the  Gomori solu- 

t i o n  e i t h e r  containing or lacking t h e  subs t r a t e .  The s o i l  clay 

suspension t r e a t e d  with t h e  Gomori so lu t ion  containing glycerophos- 

phate  (lower l e f t  photograph) shows t h e  depos i t  of numerous black,  

c r y s t a l - l i k e  s t r u c t u r e s .  These.same s t r u c t u r e s  a r e  present ,  slso, 

i n  t h e  corresponding con t ro l  (lower r i g h t  photograph) , but they a r e  

l e s s  numerous. 

Figure 2 represents  t he  r e s u l t s  of t h e  phosphatase r e c t i o n  of  
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Figure 1. Phosphatase reaction of bentonite-phosphatase sections 
(upper), and of soi l  c lay suspensions (lower). 
t ion i n  the Gomori medium containing ( l e f t )  or lacking 
(right) the substrate. 

Incuba- 
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Figure 2. Phosphatase reaction of s o i l  clay spread on a 
carrier film. Incubation in  the Gomori medium 
containing ( le f t )  or lacking (right)  the substrate. 



s o i l  c l ay  spread on a c a r r i e r  f i lm. The r eac t ion  was allowed t o  

t ake  p lace  a t  room temperature overnight (16 t o  20 hours ) .  

be seen t h a t  t h e r e  i s  no d i f fe rence  between t h e  c lay  prepara t ion  

t r e a t e d  with t h e  Gomori so lu t ion  containing t h e  s u b s t r a t e  (upper 

l e f t  photograph), and t h e  corresponding con t ro l  (upper r i g h t  photo- 

graph) .  Occasionally,  some s o i l  c l ay  p a r t i c l e s  t r e a t e d  with the  

complete Gomori medium presented darkened a reas  on t h e i r  surface 

(lower l e f t  photograph). The darkened a reas  were r a r e l y  seen i n  

s o i l  c l ay  p a r t i c l e s  t r e a t e d  with t h e  incomplete Gomori medium lack-  

ing  t h e  subs t r a t e  (lower r i g h t  photograph). 

It  can 

The r e s u l t s  on t h e  phosphatase r eac t ion  of  bentonite-phosphatase 

and kaol ini te-phosphatase complexes spread on a c a r r i e r  f i lm  were 

not  d i f f e r e n t  from those  described above f o r  s o i l  c lay .  Figure 3 

shows t h e  bentonite-phosphatase (upper l e f t )  and kao l in i t e -  

phosphatase (upper r i g h t )  complexes spread on a c a r r i e r  f i lm  a f t e r  

incubat ion with t h e  complete Gomori medium. No con t ro l s  a r e  included 

because they were ind is t inguishable  from t h e  glycero-phosphatase 

t r e a t e d  samples. Figure 3 a l s o  shows two more photographs (lower 

p a r t )  of c l ay  s o i l  spread on a c a r r i e r  f i l m  a f t e r  incubat ion with 

t h e  complete Gomori medium. 

Figure 4 shows how bac te r i a  present  i n  s o i l  c l ay  spread on a 

c a r r i e r  f i l m  reac ted  toward t h e  Gomori medium e i t h e r  containing o r  

lack ing  t h e  subs t r a t e .  

photographs) bac te r i a  were s l i g h t l y  darker  than i n  i t s  absence ( r i g h t  

s i d e  photographs). Otherwise, they were completely unchanged. These 

b a c t e r i a  were not i n t e n t i o n a l l y  s ta ined .  

I n  t h e  presence o f  t h e  s u b s t r a t e  ( l e f t  s ide  
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Figure 3. Phosphatase reaction of bentonite-phosphatase (upper 
left) and kaolinite-phosphatase (upper right) complexes, 
and of s o i l  clay (lower) spread on a carrier film. 
Incubation in the Gomori medium containing the substrate. 
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Figure 4. Phosphatase reaction of bacteria present i n  s o i l  clay 
spread on a carrier film. 
medium containing ( l e f t )  or lacking (right) the substrate. 

Incubation in the Comori 
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The r e s u l t s  shown i n  Figure 5 were obtained when a bacterium 

i s o l a t e d  from Oxford Tract  s o i l  f o r  i t s  a b i l i t y  t o  hydrolyze 

phenolphthalein phosphate, was examined f o r  phosphatase reac t ion .  

Fhotographs on t h e  l e f t  s ide  show t h a t  i n t a c t  bac t e r i a  incubated 

f o r  20 hours with t h e  complete Gomori medium were a l s o  s l i g h t l y  

darker  than  those i n t a c t  bac te r ia  incubated with t h e  con t ro l  medium 

( r i g h t  s i d e  photographs).  I n  the presence of the  subs t r a t e ,  i n t a c t  

b a c t e r i a  a l s o  showed t h e  presence of black do t s  ( l e f t  s ide  photo- 

graphs) .  These black dots  were completely absent  from i n t a c t  

b a c t e r i a  incubated with Gomori medium lacking  the  subs t r a t e  ( r i g h t  

s i d e  photographs) , 

than i n t a c t  b a c t e r i a ,  could not  be d i f f e r e n t i a t e d  from each o the r  

when incubated i n  t h e  Gomori medium e i t h e r  containing o r  lack ing  

t h e  subs t r a t e .  They always appeared as elongated s t ruc tu res  with 

broken ends and heavi ly  s ta ined ,  a s  i s  seen i n  t h e  two middle bac- 

t e r i a l  c e l l s  shown i n  t h e  lower r i g h t  of Figure 5 .  

mined whether t h e  d is rupt ion  of b a c t e r i a l  c e l l s  was due t o  e i t h e r  

t h e  pre-treatment handling o r  the  long incubat ion i n  t h e  presence 

o f  l ead  s a l t s .  

Disrupted bac te r i a ,  which were more abundant 

I t  was not  de t e r -  

Figure 6 shows s o i l  c l a y  embedded i n  GMA-Epoxy r e s i n  mixture. 

I n  t h e  unt rea ted  sec t ions  (upper photographs) it can be observed 

t h a t  no voids a r e  present  between t h e  c l ay  p a r t i c l e s  and t h e  sur-  

rounding embedding material. When t h e  sec t ions  i n  t h e  upper photo- 

graphs of Figure 6 were s t a ined  by exposing them t o  osmium t e t r o x i d e  

vapors,  a halo was observed around most of  t h e  s o i l  p a r t i c l e s  (lower 

l e f t  photograph). That t h i s  halo has a t r id imens iona l  s t r u c t u r e  
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Figure 5 .  Phosphatase reaction of a derepressed, s o i l  bacterial 
i so late  spread on a carrier film. 
Gomori medium containing ( l e f t )  or lacking (right)  
the substrate. 

Incubation in  the 
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Figure 6 .  S o i l  c lay embedded in  GMA-Epoxy res in  mixture. 
Untreated sect ion (upper). 
(lower l e f t ) .  
uranium ( lower r ight  ) . 

4 Section stained with Os0 
Section stained and shadowed with 
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t h a t  seems t o  be an uninterrupted coa t ing  of  t h e  c lay  p a r t i c l e s ,  i s  

demonstrated i n  t h e  same sec t ion  a f t e r  shadowing with uranium 

(lower r i g h t  photograph). Inc iden ta l ly ,  sec t ions  of  c lays  embedded 

i n  e i t h e r  GMA-Epoxy o r  HPMA r e s ins  were not smooth a t  a l l ,  and 

shadowing always showed t h a t  t h e  c lay  p a r t i c l e s  were protruding 

above t h e  sur face  of  t h e  embedding ma te r i a l .  

Sectioning of 97% GMA and @LA-Epoxy r e s i n  mixture with t h e  

diamond kn i f e  was  found t o  be very d i f f i c u l t ,  and the  sec t ions  usu- 

a l l y  showed e i t h e r  cha t t e r ing  o r  fo ld ing .  This was obviated almost 

completely by f irst  trimming t h e  r e s i n  blocks i n  such a way t h a t  

t h e  c u t t i n g  s ide  of t h e  block facing t h e  kn i f e  edge would be a t  a 

30' angle t o  t h e  v e r t i c a l  a x i s  of t h e  block. Best r e s u l t s  were 

' ob ta ined  when t h e  diamond kn i f e  was s e t  with a c learance angle  of  

1 . 5  . HPMA was e a s i e r  t o  sect ion,  but  sec t ions  below 400 8 u n i t s  

i n  thickness  were very d i f f i c u l t  t o  see with t h e  a i d  of r e f l e c t e d  

d i f f u s e  l i g h t  a f t e r  f l o a t i n g  them on t h e  rece iv ing  boat ,  and thus  

could not be picked up. 

0 

Fina l ly ,  it should be pointed out  t h a t  changes e i t h e r  i n  t h e  

concentrat ion of  l e a d  sa l t  (below and above the  recommended one ) ,  

o r  i n  t h e  kind of  l e a d  s a l t  used (l5), d id  not  modify i n  any degree 

t h e  r e s u l t s  i n  t h e  phosphatase reac t ion  of t h e  ma te r i a l s  used. 

Discussion 

Although i n  Dublin s o i l  t h e  c l a y  and s i l t  f r a c t i o n s  demonstrated 

a phosphatase a c t i v i t y  pe r  un i t  weight twice a s  high a s  i n  t h e  

"coarse" f r ac t ion ,  t h e  contr ibut ion of  each f r a c t i o n  computed on 
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a s o i l  composition b a s i s  was approximately equal .  Pa r t  of t h e  phos- 

phatase a c t i v i t y  o f  whole s o i l  (approximately 17%) was unaccounted 

f o r  and t h i s  might be due t o  some loss of  t h e  enzyme during t h e  

s o i l  f r ac t iona t ion  process .  

The h ighes t  phosphatase a c t i v i t y  per  u n i t  weight found i n  t h e  

c l a y  and s i l t  f r a c t i o n s  of  Dublin s o i l ,  agrees  with r e s u l t s  repor ted  

by Haig (7) f o r  s o i l  esterase, and by Hoffmann (9) fo r  carbohydrases 

and urease i n  soils. 

f r a c t i o n  showed a phosphatase a c t i v i t y  equal  t o  about 10% of  t h e  

t o t a l  s o i l  a c t i v i t y ,  and t h a t  e s s e n t i a l l y  a l l  t h e  a c t i v i t y  assoc ia ted  

with s o i l  could be accounted fo r  i n  t h e  r e s i d u a l  s o i l  f r a c t i o n .  How- 

ever, h i s  s o i l  supernatant f r ac t ion  undoubtedly included most of  

t h e  c lay  f r a c t i o n  and p a r t  o f  the s i l t  f r a c t i o n ,  whereas h i s  r e s id -  

u a l  s o i l  cons is ted  mostly of the so-ca l led  "coarse" f r a c t i o n .  The 

da ta  shown i n  Table I1 i nd ica t e ,  on t h e  cont ra ry ,  t h a t  most o f  t h e  

a c t i v i t y  a s soc ia t ed  with whole s o i l  can be accounted f o r  i n  t h e  

c l a y  and s i l t  f r a c t i o n s ,  and tha t  t h e  pooled supernatant f l u i d s  o f  

t h e  l a t t e r  f r a c t i o n s  account fo r  on ly  1% of  t h e  t o t a l  a c t i v i t y  of  

whole soil. 

Hochstein (8) found t h a t  a s o i l  supernatant 

The da ta  appearing i n  Table I1 c l e a r l y  show, a l s o ,  t h a t  t h e r e  

was no d i r e c t  r e l a t i o n s h i p  between phosphatase a c t i v i t y  and de tec t ab le  

bacter ia l  populat ion o f  t h e  samples examined and agree with t h e  f ind-  

ings  presented previously ( 3 1 ) .  .Hoffmann (9) a l s o  repor ted  t h a t  

urease a c t i v i t y ,  which was found t o  be  higher  i n  t h e  c l a y  f r a c t i o n  

than i n  t h e  s i l t  f r a c t i o n ,  was not co r re l a t ed  with microbial  numbers. 
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The f a c t  t h a t  s i l t  i s  low i n  bac te r i a ,  ye t  i s  a s  high i n  phosphatase 

a c t i v i t y  a s  c lay,  argues f o r  t h e  presence of f r e e  s o i l  enzymes i n  

t h e  s i l t  f r a c t i o n .  

With regard t o  t h e  u l t r a s t r u c t u r a l  l o c a l i z a t i o n  of phosphatese 

a c t i v i t y  i n  s o i l s ,  no conclusive r e s u l t s  were obtained. Although 

a l a r g e r  number of electron-dense, c r y s t a l - l i k e  s t r u c t u r e s  were 

found i n  s o i l  c l ay  suspension incubated i n  t h e  complete Gomori med- 

i u m  than  i n  t h e  corresponding control ,  and they  were mostly a s soc i -  

a t e d  with t h e  c l ay  p a r t i c l e s ,  t h i s  does not  c o n s t i t u t e  v a l i d  evidence 

f o r  t h e  assumption t h a t  deposit ion occurred i n  t h e  s i t e  where t h e  

r e a c t i o n  producing t h e s e  s t ruc tu res  took p lace .  The a s soc ia t ion  

between t h e s e  s t r u c t u r e s  and t h e  c l ay  p a r t i c l e s  could have taken 

g l a c e  during t h e  post- incubat ion washing and sedimentation. The 

presence of t h e  black, c r y s t a l - l i k e  s t r u c t u r e s  i n  t h e  con t ro l  can 

be explained a s  an increased minera l iza t ion  of t h e  s o i l  c l ay  organic 

phosphorus s t imula ted  by t h e  optimal condi t ions  provided. I n  

add i t ion  t o  t h i s ,  t h e  inorganic phosphate a l ready  present i n  t h e  

s o i l  c l ay  and presumably capable of r e a c t i n g  with t h e  added l e a d  

i o n s  (26) a l s o  con t r ibu te s  t o  t h e  depos i t ion  of t h e s e  black s t r u c t u r e s .  

I n  t h e  case of s o i l  c l ay  and of clay-phosphatase complexes spread 

on a c a r r i e r  f i lm ,  t h e  l e a d  phosphate formed during t h e  course of 

t h e  phosphatase r eac t ion  probably s e t t l e s  i n t o  t h e  incubation medium 

ins t ead  of a t t ach ing  i t s e l f  t o  the s i t e  where t h e  phosphate was 

l i b e r a t e d .  

t o  be t e s t e d  on t h e  incubation medium r a t h e r  than  t o  p l ace  them i n  

t h e  bottom of e x t r i n s i c  l e a d  phosphate c r y s t a l s ,  but a l s o  t h e  

It was decided t o  f l o a t  t h e  g r i d s  car ry ing  t h e  specimens 



suggestion of a false location of the site of the phosphatase re- 

action. 

results. 

The inversion of the floating grids did not change the 

When biological material is used for the histochemical deter- 

mination of the site o f  phosphatase activity, diffusion out of  the 

captured reaction products and penetration of contaminating material 

into either cells or organelles, are prevented in part by the 

barriers provided by membranes. In an open system, such as in the 

case of soil particles, diffusion of reaction products and contam- 

ination even from distilled water (12) are factors which contribute 

largely to the complexity of the problem. 

ical specimens are not electron-dense and, thus, the localization 

.of captured reaction products is simplified. Soil particles, on 

the contrary, are very variable in nature and most of them are very 

electron-dense. Thus, there is no simple way to determine whether 

the dark areas on the surface of some soil particles are due to the 

accumulation of lead phosphate or not. 

Furthermore, most biolog- 

It is interesting to note, also, that bacteria present in the 

soil clay fraction were not very active hydrolyzers of glycerophos- 

phate, even after a 20-hour incubation period. However, when the 

phosphatase reaction was carried out on soil bacteria particularly 

active toward phenolphthalein phosphate and which had been pretreated 

with a phosphate deficient medium, positive results were then ob- 

served in intact bacterial cells incubated in the presence of 

substrate. The fact that derepressed (phosphate-starved) cells 

were able to carry out the phosphatase reaction suggests that the 

procedure was well suited f o r  the purposes. 
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To avoid t h e  problem of t h e  high e lec t ron-dens i ty  o f  s o i l  c lay  

p a r t i c l e s ,  u l t r a t h i n  sec t ions  of  t hese  p a r t i c l e s  embedded i n  water- 

soh ib le  r e s i n s  were incubated i n  t h e  Gomori medium e i t h e r  containing 

o r  lack ing  t h e  subs t r a t e .  With t h i s  procedure a c l e s rcu t  d i s t i n c t i o n  

could not  be e s t ab l i shed  between t r e a t e d  samples and t h e  con t ro l s .  

This was a l s o  t h e  case f o r  clay-phosphatase complexes embedded i n  

water-soluble r e s i n s .  It seems tha t  t h e  amount o f  enzyme l e f t  on 

t h e  r i m  of t h e  cu t  p a r t i c l e s  cannot y i e l d  enough r eac t ion  products 

t o  be de tec t ab le  a f t e r  t h e i r  capture by t h e  l ead  ions .  

hand, t h e  r e s i n s  and t h e  ca t a lys t s  used t o  induce t h e i r  polymeriza- 

t i o n ,  a s  wel l  a s  t h e  polymerization process i n  i t s e l f ,  undoubtedly 

con t r ibu te  t o  t h e  inac t iva t ion  of t h e  enzyme. It  should be added 

t h a t  although t h e  Gomori method seems simple t o  perform, t h e  d i f -  

f i c u l t i e s  involved i n  g e t t i n g  uniform and reproducible  r e s u l t s  have 

been s t r e s sed  by q u i t e  a f e w  o f  the workers i n  t h e  f i e l d  of  enzyme 

his tochemistry (1, 2, 25) .  

On t h e  o the r  

I n  summary, t h e  c h a r a c t e r i s t i c  complexity of s o i l s  i n  add i t ion  

t o  t h e  f a c t o r  t h a t  t h e i r  enzymatic a c t i v i t i e s  represent  very low 

concentrat ions ( t h e  equivalent  of phosphatase a c t i v i t y  i n  one gram 

of  s o i l  i s  contained i n  approximately a 10 mg dry  weight sample o f  

b a c t e r i a ) ,  made t h e  handling o f  t h i s  problem extremely d i f f i c u l t .  

Even i n  b a c t e r i a ,  where t h e  enzyme system could be sa id  t o  be con- 

cen t r a t ed  and confined t o  very small compartments, t h e r e  has been 

only one successfu l  attempt t o  demonstrate t h e  l o c a l i z a t i o n  of  

phosphatase a c t i v i t y  a t  t h e  u l t r a s t r u c t u r a l  l e v e l  ( 3 ) .  

p a r t i c u l a r  case,  derepressed c e l l s  were used and no electron-dense 

I n  t h i s  
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mate r i a l s  resembling t h e  captured phosphatase r eac t ion  product were 

found i n  c e l l s  grown i n  a medium containing inorganic  phosphate. 

The work repor ted  here  on the u l t r a s t r u c t u r a l  l o c a l i z a t i o n  

of phosphatase a c t i v i t y  does not prove t h e  hyposthesis  o f  t h e  presence 

of enzymes adsorbed on t h e  s o i l  p a r t i c l e s ,  nor does i t  deny i t .  A 

s a t i s f a c t o r y  answer t o  t h i s  problem cannot be obtained with t h e  

techniques a v a i l a b l e  r i g h t  now. Perhaps i n  t h e  near fu tu re ,  with 

t h e  development of  more re f ined  techniques it may become poss ib le  

t o  d i s t ingu i sh  completely t h e  a c t i v i t y  of t h e  s o i l  enzymes per  s e  

from o the r  sources of  enzyme a c t i v i t y  i n  s o i l s .  

-- 

Nevertheless,  techniques were developed t o  study s o i l  c l ay  p a r t -  

i c l e s  e i t h e r  spread on a c a r r i e r  f i l m  o r  embedded i n  water-soluble 

r e s i n s .  With t h e  f l o a t a t i o n  technique worked out  f o r  t h e  spreading 

of  c l ay  p a r t i c l e s  on a c a r r i e r  f i lm, an  exce l l en t  c lay  d ispers ion  

i s  obtained. Most of t h e  s tack  e f f e c t ,  observed with t h e  spraying 

procedure usua l ly  u t i l i z e d  i n  clay s tud ie s ,  was almost completely 

el iminated.  Thus, t h e r e  i s  a b e t t e r  chance of observing any change 

tak ing  p lace  on t h e  sur face  of  the c lays  a s  a r e s u l t  of  t h e  accumu- 

l a t i o n  of  v i s i b l e  products of a given r eac t ion .  The ma te r i a l  taken 

up on the  film-covered g r i d  s tays  t h e r e  through t h e  whole process  

of  running a r eac t ion  and of  washing a f t e r  t h e  r eac t ion  i s  completed. 

This technique can be a l s o  used advantageously f o r  morphological 

s tud ie s  of  c l a y  i n  s o i l s ,  a s  w e l l  as f o r  s tud ie s  of t h e  i n t e r a c t i o n s  

between s o i l  p a r t i c l e s  and microorganisms. I n  t h e  c lay  prepara t ion  

obtained from Oxford Tract  s o i l ,  f o r  example, k a o l i n i t e  was e a s i l y  

i d e n t i f i e d  i n  Figure 3 (lower r igh t  photograph) and bentoni te  was 

I 



associated with some other clay particles (lower photographs of 

Figure 3). 

teria can nlsc be seen in F~*WP -0 h.  

The sectioning of soil particles embedded in water-soluble 

The adsorption of small particles of clay on soil bac- 

resins could help to solve some problems in soil biochemistry nnd 

microbiology. 

dense material surrounding the clay particles. Evidence for this 

material covering the soil clay particles was not obtained until 

sections of them were treated with electron-dense stains and shadowed 

with uranium. 

organic matter exists as a capsule around soil particles. However, 

they made their studies on whole clay particles and did not treat 

their preparations with electron-dense stains. It is a well-known 

fact that even the largest organic molecules, such as proteins and 

nucleic acids, are not electron-dense. In addition to the staining 

and shadowing of soil ?articles in sections, there is the possib- 

ility of using other treatments for specific purposes, such as the 

use of hydrofluoric acid solutions to remove the mineral part and 

to leave the organic portion unchanged. 

Thus, Figure 6 shows the existence of a non-electron 

Kroth and Page (14) were unable to find evidence that 

Summary 

After fractionation of Dublin soil, most of the activity nssoci- 

ated with whole soil was present in the clay and silt fractions. A 

small percentage of the activity was contained in the "coarse" 

fraction. There was no direct relationship between the phosphatase 

activity and the detectable bacterial population. The fact that 
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silt is low in bacteria, yet is as high in the phosphatase activity 

as clay, indicates the presence of free soil enzymes in the silt 

fraction. 

With regard to the ultrastructural localization of phosphatase 

activity in soils, no conclusive results were obtained with the 

electron-microscopy techniques. 

dense, crystal-like structures (precipitated phosphates) were found 

in the experimental clay suspensions than in the corresponding con- 

trol, and they were mostly associated with the clay particles, this 

was not accepted as a valid evidence for the assumption that depos- 

ition occurred in the site where the reaction producing these 

structures took place. Techniques were developed to study clay 

particles either spread on a carrier film or embedded in water-soluble 

resins. With the floatation technique an excellent clay dispersion 

was obtained. Most of the stack effect, observed with the spraying 

procedure usually utilized in clay studies, was eliminated. This 

technique can be used advantageously for morphological studies of 

clay in soils, as well as for studies of the interactions between 

soil particles and microorganisms. 

sectioning of soil particles embedded in water-soluble resins; it 

is well suited for applications. 

Although a larger number of electron- 

A method has been developed for 
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B .  Biochemistry of Alkane Degradation by S o i l  Microorganisms. 

This r e p o r t  continues t h e  desc r ip t ion  of t h e  c h a r a c t e r i s t i c s  

While work was i n  progress,  o f  fou r  a lkane -u t i l i z ing  bactena(1). 

a study by Baumann of a l a r g e  number of s i m i l a r  b a c t e r i a  became 

a v a i l a b l e  ( 2 ) .  Among t h e  bac ter ia  s tud ied  by Baumann were t h r e e  

s t r a i n s  used i n  our s tud ie s :  s t r a i n s  HO1-0-22, 3-23, and 4-24. 

Baumann attempted t o  charac te r ize  h i s  b a c t e r i a  by t h e i r  capab i l i t y  

o f  using a l a r g e  number.of compounds a s  s o l e  carbon and energy source 

f o r  growth. Therefore, t h e  same tests were appl ied  t o  t h e  s t r a i n  

WHB-1 i s o l a t e d  by us i n  order  t o  c o r r e l a t e  t h e  c h a r a c t e r i s t i c s  of  
, 

t h i s  s t r a i n  with Baumann's organisms and an attempt was made t o  

c l a s s i f y  s t r a i n  WHB-1 according to  t h e  taxonomic scheme proposed 

by him. 

Mate r i a l s  and Methods 

The organisms and techniques used have been described i n  t h e  

previous r e p o r t  (1) , except f o r  the following: 

I s o l a t i o n  of n-dodecane u t i l i z i n g  organisms. 

dodecane u t i l i z i n g  organisms a mineral medium of t h e  following 

For i s o l a t i o n  of n- 

composition was used: 

NHqC1 1. o/g  

K2HP04 2.0g 

MgS04*7H20 ' 0.2g 

CaCl2*2H20 0.02g 

Feso4 * 7H20 0.02g 

d i s t i l l e d  water 1 l i t e r  
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Cul tures  containing t h i s  mineral  medium and 2% n-dodecane were 

inocula ted  with s o i l  and incubated a t  3OoC on a r o t a r y  shaker. Two 

days l a t e r  t h e  cu l tu re s  were streaked on p l a t e s  containing t h e  mineral  

medium s o l i d i f i e d  with 2% agar .  The p l a t e s  were inve r t ed  and a f e w  

drops n-dodecane were placed i n  the l i d .  Af te r  two days a t  room 

temperature colonies  appeared. Organisms were pu r i f i ed  on such 

"mineral-alkane" agar  p l a t e s ,  and then  s t reaked on peptone-yeast 

e x t r a c t  agar  p l a t e s  t o  give colonies s u i t a b l e  f o r  cha rac t e r i za t ion .  

I n  pure cu l tu re s  t h e  organisms could grow i n  t h e  mineral  medium with 

n-dodecane a s  t h e  s o l e  carbon and energy source.  

Growth Tes ts .  

i f  a compound was i n so lub le  i n  water, t h e  so lu t ion  was heated t o  

I n  preparing t h e  stock so lu t ions  f o r  t h e  growth t e s t s ,  

d i s so lve  it and t h e  s t e r i l e  stock so lu t ions  were prepared while t h e  

compound remained d isso lved .  With some compounds growth d i d  not  

occur a t  a s u b s t r a t e  concentration of 0.2% but d id  occur a t  a lower 

concentrat ion ( a s  i nd ica t ed  i n  the Resul t s  s e c t i o n ) .  

Tes ts  f o r  aromatic r i n g  f i s s i o n  (3 ) .  The organisms were grown i n  

2.5 x 15 ern tube  cu l tu re s  of 10 m l  mineral  growth medium containing 

0.2% 3,4 - dihydroxybenzoic ac id  which had been neu t r a l i zed  and 

s t e r i l i z e d  by f i l t r a t i o n ,  Af te r  growth t h e  c u l t u r e  was cent r i fuged  

t h e  supernatant poured o f f ,  and the  c e l l s  resuspended i n  5 .0  m l  of 

0.02 M T r i s  buf fer  pH 8.0. The suspension was poured i n t o  a 50 m l  

Erlenmeyer f l a s k ,  toluenized,  and 50 micromoles of 3, 4 - dihydroxy- 

benzoic a c i d  (protocatechuic  acid) i n  1 .0  m l  of bu f fe r  was added. 

The f l a s k s  were incubated one hour a t  30°C without shaking. 

end of t h i s  t i m e  t h e  co lor  of the suspension was noted and the  Rothera 

A t  t h e  
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test was carried out as fo l lows .  

the cells were discarded, and the supernatant was saturated with 

solid ammonium sulfate. A few drops of concentrated NH OH and of 

dilute sodium nitroferricyanide, Na Fe(CN) N 0 1 2 H  0, solution were 

added and the solution was mixed and let stand 30 minutes for 

development of color. The control contained a dilute solution of 

beta-ketoadipic acid. 

The suspension was centrifuged, 

4 

2 5 2 

- 

Results 

Growth tests. 

Amino acids tested: L-leucine, D,L-norleucine, L-serine, L-cysteine, 

L-methionine, L-asparagine, L-glutamine, L-tryptophan, D-tryptophan, 

L-ornithine, beta-alanine, D,L-alpha-aminobutyric acid, gamma- 

aminobutyric acid, delta-aminovaleric acid, epsilon-aminocaproic 

acid, betaine, sarcosine, and creatine. 

- 

No strain grew on D,L-norleucine, L-serine, L-cysteine, 

L-methionine, D-tryptophan, D,L-alpha-aminobutyric acid, delta- 

aminovaleric acid, epsilon-aminocaproic acid, betaine, sarcosine, 

or creatine. 

L-asparagine, L-glutamine, L-tryptophan, L-ornithine, - beta-alanine, 

- 

Strains HO1-0-22, 3-23, and 4-24 could grow on L-leucine, 

and gamma-aminobutryic acid. 

asparagine and L-glutamine. The growth of the strains on L-leucine, 

Strain WHB-1 could grow only on L- 

L-tryptophan, and L-asparagine was weak. 

Other acids tested: oxalic, malanic, suberic, azelaic, maleic, 

fumaric, D-tartaric, L-tartaric, glycolic, L-malic, citric, itaconic, 

pyruvic, alpha ketoglutaric, and pantothenic. - 
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No strain grew on oxalic, maleic, D-tartaric, glycolic, itaconic, 

or pantothenic acid. 

four strains grew on fumaric, L-malic, pyruvic, and alpha-ketoglutaric 

acids. 

malonic acids, and also on suberic and azelaic acids if the concen- 

tration of these two acids was O . l % ,  but strain WHB-1 could not grow 

on any of these. 

Only strain 3-23 grew on L-tartaric acid. All 

- 
Strains H01-0-22, 3-23 and 4-24 could grow on citric and 

Application of improved culture and detection methods showed 

that some of previously reported acids (leucine, methionine, 

tryptophan, suberic; and azelaic acids) could support growth of 

some of these microorganisms, as described, especially if used in 

a lower concentration. The previously reported data (1) should be 

corrected accordingly. 

Purines and pyrimidines tested: adenine, guanine, uric acid, uracil, 

thymine, cytosine. 

No strain grew on any of these compounds. 

Aromatic compounds tested: benzylamine, phenol, resorcinol, D,L- 

benzoylalanine; also benzoic, phthalic, meta-hydroxybenzoic, para- 

hydroxybenzoic, protocatechuic, para-aminobenzoic, phenylacetic, 

- 
- 

and hippuric acids. 

No strains grew on benzylamine, phenol (0.01 - 0.2$), resorcinol, 

phthalic, meta-hydroxybenzoic, or para-aminobenzoic acids. All 

strains grew on benzoic (at 0.05%) and protocatechuic acids, and 

all but strain WHB-1 could grow on D,L-benzoylalanine, para- 

hydroxybenzoic, phenylacetic, and hippuric acids. 

Aromatic ring fission. For all four organisms, no color appeared 

in the suspension of toluenized cells with protocatechuic Fcid 8s  

substrate after an hour's incubation. When the Rother's test was 

- 

- 
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applied, a deep purple color, similar to that in the control tube, 

slowly developed, indicating the presence of beta-ketoadipic acid. 

It was apparent that the rupture of the aromatic ring was by an 

ortho cleavage. 

- 

Discussion 

The organisms studied by Baumann (2) are non-motile, Gram- 

negative, strictly aerobic, non-dentrifying, coccoid bacteria. They 

fall into two subgroups: oxidase-positive penicillin-sensitive 

organisms, and oxidase-negative penicillin-resistant ones. A large 

proportion of the representatives of the latter group are able to 

grow on long-chain alkanes as sole carbon and energy source, and 

in fact, Kallio's strains HO1-0-22, 3-23, and 4-24 fall into this 

group. 

Many of the physical and biochemical characteristics of the 

strain WHB-1, are identical to those of Baumann's oxidese-negative 

Subgroup. An explicit listing or" tnese characteristics wiii be m;lde 

when a more detailed comparison has been completed. From the results 

of the tests completed so far, however, there appear to be no mpjor 

differences between strain WHB-1 and his oxidase-negptiye strains. 

Baumann assigns his organisms to the genus Moraxella. Although 

the oxidase-negative strains vary in the pattern of their ability 

to grow upon organic compounds as sole carbon and energy source, 

Baumann believes the group as a whole is sufficiently homogeneous 

to be considered as a single specjes. He assigns to this group the 

species name calco-acetica. Therefore, strain WHB-1, previously 

reported similar to Moraxella lwoffi (l), may be tentatively 



c l a s s i f i e d  a s  being a s t r a i n  of Moraxella calco-acet ica  (Bsumann). 

Summary 

The p rope r t i e s  of four  alkane-metabolizing bac te r i a  were f u r t h e r  

examined, and i n  p a r t i c u l a r ,  t h e i r  a b i l i t y  t o  grow on various organic  

compounds a s  so l e  carbon and energy source.  Comparison o f  these  

organisms with a group of s imi l a r  bac t e r i a  s tud ied  by another lab-  

o ra to ry  allowed the  t e n t a t i v e  i d e n t i f i c a t i o n  of these  bac te r i a  

s t r a i n s  of Moraxella calco-acet ica  (Baumann) . 
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C .  Adsorption and Reactions of Chi t inase  and Lysozyme on Ch i t in .  

The c u r r e n t l y  repor ted  phase of  t h e  inves t iga t ion  of t h e  c h i t -  

i n a s e  and lysozyme a c t i v i t y  i n  adsorbed s t a t e  on c h i t i n  i s  a cont in-  

ua t ion  of  t h e  previously described p r o j e c t  under t h e  same t i t l e  (43, 

60) on enzyme k i n e t i c s  i n  s t r u c t u r a l l y  r e s t r i c t e d  systems. 

Ma te r i a l s  and Methods 

Mater ia l s  and methods have been descr ibed i n  d e t a i l  i n  t h e  

previous r e p o r t s  (43, 60). 

Dispersed Ch i t in  (43).  One s ingle  s tock  prepera t ion  of  c h i t i n  was 

used throughout (s tock:  5 .O mg chi t in /ml)  . 

Additional methods a r e  descr ibed below. 

Chi t inase  was obtained from streptomycete s t r a i n  2B. The DEAE- 

c e l l u l o s e  p u r i f i e d  prepara t ions  werefract ionated through Sephadex 

G-50 (coarse)  column and t h e  f i r s t  peak of c h i t i n a s e  a c t i v i t y  was 

used f o r  a c t i v i t y  and adsorption experiments. 

Lysozyme - 

- 

2x c r y s t a l l i z e d  ( l o t  597, Worthington Biochem. Corp., 

Freehold,  N .  Y . ) ,  d i sso lved  i n  O . O l M  Na phosphate buffer  pH 7 .0 .  

Where mentioned, spray d r i ed  lysozyme (LYSD 641, same manufacturer) 

was used. 

Absopt ivi ty  ( ex t inc t ion  coe f f i c i en t )  of c h i t i n a s e  a s  previously det-  

ermined: = 1.10; lysozyme: E :Eo’d =2.64 (20, 42) E mg Id 
280 

Adsorption of enzyme p ro te in  on c h i t i n  was determined by a b s o r p t i v i t y  

measurements of  enzyme so lu t ions  a t  280 mp before  and a f t e r  add i t ion  

o f  c h i t  i n  fol lowing c e n t r i  fuga t i on .  

Chi t inase  and lysozyme a c t i v i t y  was based on t h e  amount a t  t h e  



re leased  N-acetylglucosamine, i . e . ,  by t h e  DMAB method (43, 61). 

I t  was found t h a t  an addi t ion o f  bora te  bu f fe r  ( a s  used i n  t h e  

DMAB method) t o  ch i t i n -ch i t i nase  o r  chitin-lysozyme reac t ion  mixtures 

(1.0 m l  

t h e  enzymatic reac t ion .  Therefore, t o  improve t h e  timing of r eac t ions ,  

bora te  buffer  was added d i r e c t l y  t o  t h e  tube of  r eac t ion  mixture a t  

t h e  end of t h e  incubat ion t ime. Af te r  mixing and cooling i n  an i c e  

bath and cent r i fuging ,  1 .2  m l  

f o r  N-acetylglucosamine de tec t ion  with the  IMAB method. A l l  de t e r -  

minations of adsorpt ion and a c t i v i t y  a t  0 

cold room i n  order  t o  avoid heating-up of samples during t h e  handling 

of experimental mater ia l s .  

buf fer  t o  5.0 m l  mixture) r a i s e d  the pH t o  9.3 and stopped 

o f  supernatant was withdrawn end used 

0 were ca r r i ed  out  i n  a 

Resul t s  and Discussion 

0 
Chi t inase  Ac t iv i ty  a t  0' and 25 C .  The experimental data  a r e  pre- 

sented i n  Figures 7, 8, 9, and 10. 

on r eac t ion  r a t e s  i s  self-evident .  A l a g  per iod of LO t o  1 5  minutes 

i s  apparent when a small  amount of enzyme i s  r eac t ing  w i t h  a l a r g e  

amount of  subs t r a t e .  It i s  poss ib le  t h a t  t he  i r r e g u l a r i t i e s  i n  t h e  

r eac t ion  r a t e s  a t  low enzyme concentrations a r e  caused.by the  

presence of  i nh ib i to ry  substances ( f o r  example, Cu 

from t h e  l i v e  d i s t i l l e d  water used i n  quan t i ty  during t h e  washing 

procedure of  t h e  p rec ip i t a t ed  c h i t i n )  . 

The inf luence o f  temperature 

++ may be adsorbed 

There e x i s t  many r epor t s  descr ibing c h i t i n a s e  a c t i v i t y  on c h i t i n  

(6 ,  14, 18, 27, 29, 34, 35, 38, 39, 47, 49, 51, 53, 57, 58, 61, 62, 63) 

b u t  only t h r e e  descr ibe  t h e  der iva t ion  of t h e  value f o r  Michaelis-  
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Menten constant  for t h i s  system. 

A s  we have ind ica ted  it before, t h e  Michaelis-Menten equation 

i s  not appl icable  t o  enzymatic reac t ions  a t  sur faces ,  however. 

Jeuniaux (3) found t h e  Km t o  be 0.010 - 0.011 (g,/lOO m l )  f o r  

streptomycete ch i t i nase ,  using ac id  p r e c i p i t a t e d  c h i t i n  a s  subs t r a t e .  

A very c lose  value t o  t h a t  was obtained by Unestam (64) f o r  Aphanomyces 

a s t a c i  ch i t i nase  with t h e  same type of subs t r a t e .  Reiser t  (52) 
, 

estimated the  K f o r  Chytriomyces c h i t i n a s e  t o  be 5.7 x 10'' M of m 
14 reducing sugar.  C l a b e l l e d  c h i t i n  obtained from Allornyces macro- 

gynus c e l l  wal l s  was used As subs t ra te .  

Chi t in  i n  i t s  n a t u r a l  s t a t e  i s  always assoc ia ted  with o the r  

substances,  such as p ro te in ,  CaCO various pigments, and waxes (15) .  3' 
The c lose  protein-polysaccharide a s soc ia t ion  i n  ch i t inous  s t r u c t u r e s  

a l s o  have been recognized (55).  'The ch i t i n -p ro te in  l inkages i n  

cockroach mucoprotein has been s tudied by Lipke and Graves (37).  

Chi t in  may occur i n  a- ,  B - ,  o r  y-forms (54) .  The r a t e s  of  which 

these  forms of  c h i t i n  a r e  hydrolyzed by ch i t i nases  a r e  d i f f e r e n t .  

Because of i t s  c r y s t a l l i n i t y  a - c h i t i n  i s  t h e  l e a s t  r e a d i l y  a t tacked 

by enzymes (23, 24) .  

The need f o r  a na tu ra l ,  nondegraded c h i t i n  w i t h  una l te red  chain 

l eng ths  f o r  t h e  use as  subs t r a t e  has been ind ica ted  by Hackman and 

Goldberg (23).  The authors  descr ibe t h e  prepara t ion  of two types 

o f  c h i t i n s  from c u t t l e f i s h  she l l :  one i n  a s t a b l e ,  d i spersed  s t a t e  

(a-form) and t h e  o the r  i n  powdered ( 7 - )  form. Thesechi t ins  a r e  con- 

s idered  t o  be i n  "natural"  form a s  no s t rong ac ids  o r  a l k a l i e s  a r e  



used i n  t h e i r  preparat ion.  

c h i t i n  has been confirmed by x-ray and inf ra - red  s p e c t r a l  s tud ie s  

(45). Hackman and Goldberg (24) have f u r t h e r  inves t iga ted  t h e  

c h i t i n s  from d i f f e r e n t  animal sources using enzymic d iges t ion ,  

a c i d i c  hydrolysis ,  deuterium exchange, i n f r a - r ed  s p e c t r a l  adsorpt ion,  

and d i f f e r e n t i a l  thermal ana lys i s .  They have shown t h a t  c h i t i n s  

have d i f f e r e n t  s t r u c t u r e s  a f fec t ing  t h e  a c c e s s i b i l i t y  of  reagents  

t o  t h e  chains and t h e  extent  of d iges t ion .  Not only do t h e  s t r u c t u r e s  

o f  a- and 8- c h i t i n s  differ b u t t h e  d i f fe rences  occur a l s o  within 

t h e  a- and t h e  B-chi t ins .  

a - c h i t i n  i s  i n  an organized, c r y s t a l l i n e  form. & c h i t i n s  prepared 

from c u t t l e f i s h  s h e l l  and squid pen contain s i g n i f i c a n t  amounts of 

f r e e  amino groups. 

organized p a r t s  of t h e  s t ruc tu re .  

The presence of p-type i n  t h e  c u t t l e f i s h  

Only about 30% of t h e  t o t a l  s t r u c t u r e  of  

The f r e e  amino groups a r e  i n  l e s s  symmetrically 

The use of powdered c h i t i n s  has shown t h a t  t he  r a t e  of  hydrolysis  

i s  very much dependent on p a r t i c l e  s i z e  ( 2 3 ) ,  a s  expected. 

apparent ly  homogenous c h i t i n  f rom an animal source i s  i s o l a t e d  (45 ) ,  

t h e r e  remain considerable  d i f f i c u l t i e s  t o  prepare it i n  a form where 

a l l  t h e  p a r t i c l e s  a r e  of t h e  same s i z e .  I n  ac id  p r e c i p i t a t e d  c h i t i n s  

Even i f  

the  s i z e  and form va r i e s  considerably, even a f t e r  repeated sedimenta- 

t i o n  at tempts .  

i nase  d id  not succeed as  a l l  p a r t i c l e s  were diminished i n  s i z e  a t  

t h e  same r a t e .  Also, i t  i s  not.known y e t  a t  what condi t ions,  espec- 

i a l l y  with respec t  t o  t h e  pH, the ion ic  composition, and t h e  ion ic  

s t r eng th  of  so lu t ions  a complete desorpt ion of  c h i t i n a s e  from c h i t i n  

takes  p lace .  

An attempt t o  d iges t  t he  small  p a r t i c l e s  with c h i t -  
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The use of  carboxymethyl c h i t i n  (28) o r  hydroxyethyl (g lycol )  

c h i t i n  (27, 47) i s  convenient because these  substances a r e  soluble .  

These subs t r a t e s ,  however, do not represent  t h e  reac t ions  i n  na ture  

14 
on n a t u r a l  c h i t i n s .  A promising method i s  the  use of C - labeled 

c h i t i n  ( 5 2 )  obtained from c e l l  walls of  Allomjrces macrogynus (1, 48). 

Chi t inase ha8 been obtained from many p lan t  and animal 

sources (17, 30, 46, 62) ,  but i t  has not been c r y s t a l l i z e d  y e t .  

There e x i s t  considerable  differences among ch i t inases  with respect  

t o  optimum pH and temperature (30, 46, 52) .  Examination of  t he  

a c t i v i t i e s  of d i f f e r e n t  f r a c t i o n s  of  c h i t i n a s e  from t h e  same source 

obtained by chromatography (29, 39, 47, 50) have l e d  t o  a conclusion 

t h a t  c h i t i n  may be degraded i n  sequence by more than one enzyme. If 

t h e  r eac t ion  i s  followed by t u r b i d i t y  methods, t he  apparent decrease 

of t h e  s u b s t r a t e  i s  faster than i n  t h e  case when t h e  same reac t ion  

i s  followed by the  ana lys i s  of the re leased  end products.  

decrease i n  t u r b i d i t y  could take  place without a r e l ease  of  f r e e  

The 

N-acetylglucosamine (47) . 
These inherent  d i f f i c u l t i e s  encountered i n  es t imat ing  K f o r  m 

ch i t inases  explain why only a f e w  such at tempts  have been made. 

A more complete evaluat ion of  t h e  obtained da ta  will be poss ib l e  

only a f t e r  we ga in  some more de t a i l ed  experimental information re -  

garding t h e  cont r ibu t ion  t o  t h e  a c t i v i t y  measurements by t h e  var ious 

types of c h i t i n  and ch i t i nases  which might be present  i n  our system. 

Behavior of  Heat-denatured Chitinase.  Chi t inase  so lu t ions  were 

heated i n  a water bath a t  5 6 O  and 7OoC. Aliquots were taken 



43. 

a t  d i f f e r e n t  t i m e  i n t e r v a l s  and the  a b i l i t y  t o  adsorb on c h i t i n  a t  

0' and 25'C, a s  we l l  a s  t h e  a c t i v i t y  ( a t  3 7 O C )  were compared. The 

da ta  a r e  presented i n  Figures 11 and 12 .  

The a c t i v i t y  of  c h i t i n a s e  heated a t  56O was decreased by about 

88% a f t e r  one hour and by 97% a f t e r  3 hours.  

t o  adsorb on c h i t i n  was a l s o  decreased. 

l o s t  a l l  of i t s  a c t i v i t y  i n  about 5 minutes. It should be noted 

S imi la r ly ,  t h e  a b i l i t y  

Chi t inase exposed t o  70°C 

t h a t  t h e  absorbance method was used f o r  the est imat ion of  t h e  amount 

+ of p ro te in  present  can assure  only about -5 pg/ml p rec i s ion .  A 

s u f f i c i e n t  number of experiments have been performed with c h i t i n a s e  

exposed t o  70°C f o r  30 minutes, where t h e  lo s s  of t h e  a b i l i t y  t o  

adsorb on c h i t i n  was complete. 

Highly a c t i v e  c h i t i n a s e  (29, 38) has been obtained by adsorpt ion 

on c h i t i n  a t  pH 5.2 and pH 6.8, respec t ive ly ;  such method of p u r i f i -  

c a t i o n  f a c i l i t a t e d  t h e  separat ion of a c t i v e  and inac t ive  enzyme 

p ro te ins .  

Unestam (63) r epor t s  t h a t  Aphanomyces c h i t i n a s e  i s  s t rongly  

adsorbed on c h i t i n  and t h a t  it i s  b e t t e r  pro tec ted  aga ins t  t h e  

e f f e c t s  of hea t ing  while adsorbed. This i s  i n  agreement with Tracey's 

(62) observat ions t h a t  c h i t i n a s e  of Lycoperdon r e s i s t s  t h e  e f f e c t s  

of s torage  b e t t e r  a t  37 0 i f  c h i t i n  i s  present .  

Benjaminson e t  a l .  (5 )  observed t h a t  f e r r i t i n - l a b e l e d  c h i t i n a s e  

had " t i e d  up" a l a r g e  percentage.of  combining s i t e s  on c h i t i n .  

use of f e r r i t i n - l a b e l e d  ch i t i nase  opens a way f o r  e l ec t ron  microscopy 

The 

i n  s tud ie s  of i t s  adsorpt ion on c h i t i n .  

T i t r a t i o n  of  Chi t inase.  Active and heat-denatured c h i t i n a s e  so lu t ions  

were t i t r a t e d  i n  order  t o  observe eventual  d i f f e rences  between t h e i r  
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respective titration curves. 

is shown in Figure 13. 

chitinase showed a possible shift of about 0.04 pH unit to the acid 

side. However, such a slight shift requires further examination 

and statistical evaluation. Further evaluation of titration curves 

could provide information concerning the chitinase molecule, its 

PKa 

system from Chytriomyces sp. has been titrated by Reisert (52). 

Lysozyme activity on Chitin at 0' and 25OC. 

are shown in Table 111. 

of N-acetylglucosamine was very slow and close to the sensitivity 

of the method. The depolymerization was more evident, based on 

the increase in transmittancy. 

The titration curve of active chitinase 

The titration curve of the heat-denatured 

, and amino and carboxyl groups. _ A  crude chitinolytic enzyme 

The experimental results 

The reaction rate at 0' based on the release 

At 25' there was a measurable rate of N-acetylglucosamine re- 

lease. Spray dried ensozyme was used for these experiments. 

Desorption of lysozyme. 

ments described below. 

Crystallized lysozyme was usad for  experi- 

While repeated experiments with chitinase did not show any 

signs of desorption (Fig. 18) lysozyme was desorbed by a fast and 

considerable rate, as shown in Figures 14, 15, and 16. 

is temperature dependent, as expected, and the rate is faster at 

higher temperatures. 

Desorption 

The experimental evidence has shown that the adsorption of 

lysozyme and of chitinase on chitin takes place within seconds and 

it is not measurable with our presently used methods. Desorption 

of lysozyme is also very rapid. 
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Time 

Enzyme Protein pg/ml 

413 414 838 84 5 

1 min. 
2 min. 
3 min. 
5 min. 
10 min. 
20 min. 
30 min. 
1 hr. 
2 hrs. 
4 hrs. 

E: S=l :  -> 
1/s = 

I N-acetylglucosamine released - pg/ml 

2.2 
2.2 
2.2 
2.5 
3.0 
3.0 
3.8 
4.1 
4.4 
--- 

2.41 
0.414 

3.0 
3.0 
3.0 

3.0 3.0 
3.0 3.8 
3.8 3.8 
4.4 4.4 
5.7 5.7 
7.0 6.3 
7.0 

--- 
--- 
--- 

--- 
1.19 1.18 
0.838 0.845 

Time 

1 min. 
2 min. 
3 min. 
5 min. 
10 min. 
20 min. 
30 min. % 

1 hr. 
2 hrs. 
3 hrs. 

E: S=l: --> 
l/S = 

Enzyme Protein pg/ml I 324 402 524 648 811 992 1165 1777 

I N-acetylglucosamine released - pg'ml 
0.0 
0.3 
1.0 
1.9 
3.0 
5.0 
6.4 
9.0 
12.0 
14.5 

3.09 
0.324 

0.3 
0.6 
1.0 
1.3 
3.0 
5.0 
7.5 
8.5 
12.0 
16.5 

2.49 
0.402 

0.6 
1.0 
2.5 
3.0 
4.5 
6.3 
7.3 
10.1 
14.6 
19.1 

1.91 
0.524 

0.3 
0.6 
1.3 
2.2 
4.5 
6.5 
7.5 
10.8 
15.0 
19.5 

1.54 
0.648 

1.3 
1.0 
1.9 
2.5 
4.5 
7.0 
8.5 
11.5 --- 
--- 

1.23 
0.811 

1.3 
1.9 
3.0 
3.8 
5.4 
7.3 
9.0 
13.4 
19.7 
24.2 

1.01 
0.992 

1.9 
2.5 
3.0 
4.5 
6.5 
8.2 
10.8 

19.0 
14.0 

23.5 

0.86 
1.165 

2.5 
3.0 
4.5 
5.5 
7.5 
9.5 
10.8 
14.5 
21.0 
25.5 

0.565 
1.777 
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Adsorption and Ac t iv i ty  of heat-denatured lysozyme. 

lysozyme was dissolved i n  O . O l M  Na phosphate bu f fe r ,  pH 7.0, 1.0 

mg -per m l .  The enzyme was inac t iva ted  by keeping t h e  so lu t ion  i n  

a bo i l ing  water bath f o r  10  hours (41) .  

c i p i t a t e  formed was removed by high speed cent r i fuga t ion .  

Spray d r i ed  

?he s l i g h t  amount of pre- 

The denatured lysozyme was completely inac t ive  towards 

c h i t i n  and was not  adsorbed (Figure 17) .  

denatured lysozyme a r e  i n  progress.  

Pe r t inen t  information. 

Experiments with p a r t l y  

Despite of  t h e  f a c t  t h a t  c h i t i n  i s  not  t he  

main s u b s t r a t e  f o r  lysozyme much more i s  known about adsorpt ion of  

lysozyme on c h i t i n  than about adsorption of c h i t i n a s e  on i t s  subs t r a t e .  

Nozu (44) suggested the use of c h i t i n  a s  a s p e c i f i c  adsor- 

,bent  f o r  lysozyme t h a t  does not adsorb o the r  pro te ins .  

recent  r epor t  shows t h a t  B-fructofuranosidase a l s o  i s  f i rmly adsorbed 

on it (66).  

(13) succeeded i n  obtaining pure lysozyme by subjec t ing  raw ex t r ac t  

t o  repeated adsorpt ion and desorption cycles  on c h i t i n  and continued 

t h e  s tud ie s  of t h e  behavior of  lysozyme on a c h i t i n  containing 

chromatography column (12) 

However, a 

Following NOZU'S suggestion Cherkasov and Kravchenko 

The binding of N-acetylglucosamine and 2 o ther  i n h i b i t o r s  

s p e c i f i c a l l y  t o  t h e  same s i t e  on lysozyme molecule was shown by 

x-ray ana lys i s  (3l), following t h e  observat ion t h a t  t he  presence 

o f  N-acetylglucosamine i s  inh ib i t i ng  t h e  lysozyme a c t i v i t y  on c h i t i n  

(Wenzel e t  a l . ,  65) X-ray c rys ta l lographic  (8, 31) phys ica l  (26) 

and chemical s tud ie s  (25, 56) have shown t h a t  tryptophan res idues  
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are present at the substrate binding sites of lysozyme. 

The binding of chitin oligosaccharides to lysozyme has been 

investigated by Dahlquist et al. (16) by spectral analysis of lysoz,yme 

in the presence of these compounds. 

fluoTescence data of lysozyme-substrate complexes showing that 

tryptophan and carboxyl groups are involved in the binding region. 

Shinitzky et al. (59) investigated the influence of inhibitory sugars 

on fluorescence of lysozyme. Glazer and Simmons examined the structure- 

Lehrer and Fasman (36) obtained 

function relationship in lysozyme by applying the methods of circular 

dichroism spectral analysis (7). 

The importance of disulphide bonds for the activity of lysozyme 

has been studied by Fraenkel-Conrat et al. (19) and by Goldberger 

and Epstein (22). 

with the aid of thioglycolate or mercaptoethanol in urea, or with 

the use of sulphite (1, 2, 4, 11). 

lysozyme molecule was established by Jolles et al. (32, 33) ond by 

Canfield (9, lo), the three-dimensional structure was worked out 

by Phillips and his group (8, 31), 

The cleavage of disulphide bonds was accomplished 

While the chemical structure of 

Summarv 

Data regarding adsorption, enzymatic kinetics and activity of 

a streptomycete chitinase and of egg-white lysozyme on chitin at 0" 

and 25' are presented. With chitin as a substrate a desorption of 

lysozyme was observed whereas chitinase did not exhibit this phen- 

omenon. Heat-denaturation of both enzymes resulted not only in a 

complete l o s s  of activity but the proteins also lost the ability 

to adsorb on chitin. 
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63.  

D. Urease Ac t iv i ty  i n  Media of Low Water Content. 

The chemistry of t h e  hydrolysis of urea by urease has been 

reviewed extensively i n  our previous r epor t s  (1, 2 ) .  

Although t h e  naximum r a t e  of t h e  urease a c t i v i t y  on ure8 i s  

achieved i n  d i l u t e  aqueous so lu t ions ,  our  i nves t iga t ions  have shown 

t h a t  t h e  hydrolysis  of  urea by urease t akes  p lace  e l s o  i n  concen- 

t r a t e d  and even sa tu ra t ed  urea so lu t ions  a t  a meesurcnble r a t e  ( i b i d  ) .  - 
I n  order  t o  explore fur ther  t h e  k i n e t i c s  o f  enzymatic reac t ions ,  

s p e c i f i c a l l y  the  hydrolysis  of  urea by urease a t  low moisture l e v e l s ,  

we have i n i t i a t e d  a study of  the c h a r a c t e r i s t i c s  of t h i s  reac t ion  

a t  cont ro l led  atmospheric humidities.  

Mater ia ls  and Methods 

Urea. Pur i f i ed  on a mixed bed i o n  exchange column and r e c r y s t a l l i z e d  - 
as descr ibed (1). Stored i n  a des icca tor  under vacuum t o  minimize 

de compo s i t  ion.  

14 

14 
C - i abe i i ed  urea was obtained from Caibiocnem, Los Angeies. T'ne 

C -urea was mixed with pu r i f i ed  urea t o  obta in  a s tock containing 

1 mc/g. 

Urease. 

urease preparat ion,  3 x NF, was used; obtained from Nut r i t i ona l  

For t h e  p re sen t ly  described experiments a non-crys ta l l ine  

Biochemicals Corporation, Cleveland. 

Apparatus. The rad ioac t ive  gas counting chamber 8s descr ibed before  

( re ference  1, Figure 5 )  was used. The increase  of t h e  C 0 i n  t h e  

chamber was monitored with a Forro Company Geiger-Miller gas-flow 

14 
2 

tube  (1) connected t o  a Nuclear-Chicago Company's s c a l e r ,  and t o  

a s o l i d  s t a t e  count ra temeter ,  Lawrence Radiation Lpboratory model 
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1 4  
O 2  11 X 38F1 P-1, a s  descr ibed ( 3 ) .  

i n  t h e  chamber was s t r i p - c h a r t  recorded on a Bausch and Lomb, h i c . ,  

V.0.M.-5 recorder .  

Method. 1 mg of C -urea,  containing 1 pc C was mixed with 1 mg 

urease i n  a small  g l a s s  container and placed i n  t h e  rad ioac t ive  gas 

counting chamber. The atmosphere i n  t h e  chamber was equ i l ib ra t ed  

a t  t he  des i r ed  humidity before  introducing t h e  r eac t an t s .  

a t i v e  humidity was maintained a t  t h e  des i red  l e v e l  throughout t h e  

experiment by placing a container containing appropr ia te ly  d i l u t e d  

s u l f u r i c  a c i d  i n  t h e  chamber. The d i l u t i o n  of  t he  s u l f u r i c  ac id  

f o r  t h e  des i red  humidity l e v e l s  ( a t  2OoC 2 1") was computed according 

t o  t h e  I n t e r n a t i o n a l  C r i t i c a l  Tables. 

The in t eg ra t ed  amount of C 

14 14 

The rel- 

After it was e s t ab l i shed  tha t  no urea-urease r eac t ion  takes  

1 4  place below 60% r e l a t i v e  humidity, 10 mg of C -urea were mixed with 

1 mg of urease and placed i n  a des icca tor  a s  a s tock mixture.  

mg amounts of t h i s  dry  s tock were used f o r  t h e  r a t e  determinat ions.  

1.1 

Resul t s  and Discussion 

The r e s u l t s  of t h e  urease-urea-water r eac t ion  r a t e s  with 1:l 

substrate-enzyme r a t i o s  a r e  shown i n  Figure 19. 

humidity a t  2OoC t h e  t o t a l  maximum hydrolysis  of urea was achieved 

i n  about 2 hours. An increasing r a t e  of t h e  C 0 development dur- 

i n g  t h e  f i r s t  30 minutes was evident a t  a l l  humidity l e v e l s .  

A t  a 100% r e l a t i v e  

14 
2 

It 

was apparent t h a t  t h i s  i r r e g u l a r i t y  i n  t h e  r a t e  was caused by t h e  

water vapor adsorpt ion on t h e  components un t i l  t h e  equi l ibr ium 

condi t ions were reached. With decreasing humidity t h e  r a t e  decreased 

accordingly and the re  was no'measurable C I 4 O  r e l e a s e  e t  60% r e l a t i v e  

humidity . 
2 



By decreasing the  amount of a v a i l a b l e  enzyme by an order  of 

magnitude (1 mg Cl4-urea + 0.1  mg urease)  t he  r eac t ion  r a t e s  decreased, 

although the  same t o t a l  maximum value of  urea hydrolysis  was reached 

a s  before  a t  100% r e l a t i v e  humidity, a s  shown i n  Figure 20. 

t h e r e  was no C1402 development a t  a 60% humidity o r  below and the  

sigmoidal increase  i n  t h e  r a t e  a t  t h e  beginning of the  reac t ion  was 

S imi la r ly ,  

evident .  

Experiments a r e  i n  progress  t o  eva lua te  f u r t h e r  t h e  events 

tak ing  p lace  i n  t h i s  system, s p e c i f i c a l l y ,  1) t o  c o r r e l a t e  t h e  

a c t i v i t y  data  with the  hygroscopicity of  i nd iv idua l  components, i . e . ,  

whether t h e  water vapor adsorption on t h e  enzyme o r  on t h e  subs t r a t e  

i s  t h e  l i m i t i n g  f a c t o r  i n  t h i s  reac t ion ;  2) how much water becomes 

a v a i l a b l e  t o  t h e  r eac t an t s  quan t i t a t ive ly  a t  d i s c r e t e  r eac t ion  r a t e s ,  

i . e . ,  a t  d i s c r e t e  humidities;  3) t h e  k i n e t i c s  of t h e  urease denatur- 

a t i o n  a t  t hese  condi t ions,  and t h e  manner i n  which such an inac t iv -  

a t i o n  of urease inf luences  t h e  t o t a l  C 0 development r a t e .  14 
2 

Summarv 

The examination of t h e  hydrolysis  o f  urea by urease a t  a l imi t ed  

water a v a i l a b i l i t y  was continued. It was shown t h a t  urea placed i n  

a 100% humidity atmosphere was hydrolyzed by urease t o  completion, 

whereas t h e r e  was no r eac t ion  a t  60% r e l a t i v e  humidity and below. 
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